INTRODUCTION
============

The subfornical organ (SFO), located in the anterior dorsal wall of the third ventricle, is one of the sensory circumventricular organs characterized by the presence of neurons and the lack of a normal blood brain barrier \[[@B1],[@B2]\]. The neurons in the SFO may function as a sensory organ for the detection of the blood borne substances such as angiotensin II and leptin, and send the signals to other brain regions \[[@B3],[@B4],[@B5]\].

Neurons in SFO were also directly accessed by blood borne glutamate (60\~100 µM) \[[@B6],[@B7],[@B8]\]. Previous studies showed that glutamate has an excitatory effect on SFO neurons \[[@B9],[@B10],[@B11],[@B12]\] and its excitatory effect was mediated by the activation of non-NMDA receptors \[[@B13]\]. Glutamate also modulates excitatory or inhibitory synaptic currents on SFO neurons and the excitability of SFO neurons \[[@B11],[@B14]\]. It is also known that subcutaneous injection of glutamate can induce chemical lesion in the circumventricular organs \[[@B15]\]. However, the density of glutamate receptor subtypes in the SFO is largely unknown.

Glutamate is the key excitatory neurotransmitter that causes excitotoxicity in the various insults including brain ischemia. It causes the hypoxic-ischemic neuronal death \[[@B16]\]. Among various brains regions, the hippocampus, which plays an important role in learning and memory, has the highest level of ionotropic glutamate receptors, such as AMPA, kainate and NMDA receptors \[[@B17]\]. The hippocampus, the CA1 area in particular, is selectively vulnerable to brain ischemia \[[@B18],[@B19]\]. Since the SFO neurons are exposed to a level of glutamate (\~100 µM) high enough to induce excitotoxicity in the other brain regions, there should be a protection mechanism for SFO neurons from circulating glutamate. However, little is known about how the SFO neurons are protected from a potential excitotoxicity of circulating glutamate. In this study, to figure out the possible protection mechanism for SFO neurons from excitotoxicity induced by circulating glutamate, we compared the glutamate-induced current density in SFO neurons and hippocampal CA1 neurons in brain slice using the patch clamp technique.

METHODS
=======

Animals
-------

All experiments in the present study were carried out according to the protocol (SNU-100824-4) for care and use of animals approved by the Laboratory Animal Care Advisory Committee of Seoul National University. All effort was made to minimize the number of animals used and their suffering.

Brain slice patch-clamp recording
---------------------------------

For recording the currents from SFO and hippocampal CA1 neurons in brain slice, the slice containing the SFO and hippocampus were prepared by the previously reported methods \[[@B14],[@B20]\]. Spraque-Dawley rats (4\~6 weeks old) were deeply anesthetized with diethyl ether and decapitated. The brain was quickly dissected out, immersed in cold artificial cerebrospinal fluid (ACSF, 0\~4℃) containing (in mM) 126 NaCl, 26 NaHCO~3~, 5 KCl, 1.2 NaH~2~PO~4~, 2.4 CaCl~2~, 1.2 MgCl~2~, and 10 glucose and aerated with O~2~/CO~2~ (95%/5%). In each rat, coronal slices (200 µm) containing the SFO and hippocampus were cut from a block of the forebrain and then incubated in aerated ACSF at 32℃ for 60\~90 min. For ionic current recording, a slice was transferred to the recording chamber (0.7 ml), which was continuously perfused with aerated ACSF (37℃) at the rate of 2.7 ml/min. Whole cell currents were recorded from neurons in all regions of the SFO and CA1 region of hippocampus in the slice \[[@B13],[@B14],[@B21]\]. Pipettes were filled with a solution containing (in mM) 140 KCl, 20 HEPES, 0.5 CaCl~2~, 5 EGTA, 5 QX-314, and 5 MgATP (pH=7.2) with 3M KOH (about 1 ml). Pipette tip resistance range was 2\~5 MΩ. Individual neuron in the slice was identified using an upright microscope equipped with Nomarski optics (X400, BX50WI, Olympus, Tokyo, Japan) as reported previously \[[@B13],[@B14],[@B21]\]. Whole cell currents were measured by using a patch clamp amplifier (Axopatch 200B, Axon Instruments, USA). Current signals were filtered at 2 kHz and digitized directly into a PC at 1 kHz with the use of pClamp (Ver 7.0) and Digidata 1200A (Axon Instruments, USA) for subsequent analysis and display. The membrane potentials were held at -70 mV. The current density was obtained by dividing the whole cell current by membrane input capacitance, which was calculated from the membrane time constant. The drugs used in this study were purchased from Sigma (MO, USA).

Statistics
----------

All values were expressed as the mean±S.E.M. A student *t*-test (independent) was used to compare the mean amplitudes and mean current densities. Statistical significance was set at as p\<0.05.

RESULTS
=======

Mean membrane capacitances of hippocampal CA1 neurons (121±13.2 pF, n=6) were larger than SFO neurons (39.1±4.09 pF, n=10, p\<0.05), indicating that hippocampal CA1 neurons are larger than SFO neurons in their cell surface area. Bath application of glutamate (100 µM) induced inward currents in both SFO and hippocampal CA1 neurons ([Fig. 1A](#F1){ref-type="fig"}). As shown in [Fig. 1B](#F1){ref-type="fig"}, the amplitude of inward current at its peak in SFO neurons was much lower than that in hippocampal CA1 neurons (20.6±6.39 pA, n=10 vs. 289±146 pA, n=6, p\<0.05). When the currents were normalized by the mean membrane capacitance, the mean current density of SFO neurons (0.55±0.15 pA/pF) was much smaller than that in hippocampal CA1 neurons (2.07±0.79 pA/pF, p\<0.05, [Fig. 1C](#F1){ref-type="fig"}). These results indicate that the maximal response of glutamate in SFO neurons is less than that in hippocampal CA1 neurons in slice preparation.

To further determine the subtype of glutamate receptors mediating the glutamate-induced inward currents, we compared the whole cell currents induced by non-NMDA receptor agonists (AMPA and kainate) in SFO and hippocampal CA1 neurons. Bath application of AMPA and kainate (10, 30, and 100 µM) induced a reversible and concentration-dependent inward current as reported previously \[[@B1]\]. In this study, we compared the current response at the threshold concentration (10 µM) that induced an inward current in all tested cells. As shown in [Fig. 2A](#F2){ref-type="fig"}, AMPA and kainite induced inward currents both in SFO and hippocampal CA1 neurons. The inward currents induced by AMPA (10 µM) and kainate (10 µM) in SFO neurons were significantly smaller than those in hippocampal CA1 neurons (17.3±3.79 pA, n=13 vs. 208±24.4 pA, n=11, p\<0.05 for AMPA; and 24.9±3.44 pA, n=11, vs. 202±44.1 pA, n=7, p\<0.05 for kainate), respectively ([Fig. 2B](#F2){ref-type="fig"}). When we normalized the AMPA- and kainite-induced currents by the capacitance of each neuron, we found that the densities of AMPA- and kainite-induced currents in SFO neurons were also significantly smaller than those in hippocampal CA1 neurons (0.45±0.10 vs. 2.44±0.28 pA/pF, p\<0.05; 0.83±0.20 vs. 2.34±0.32 pA/pF, p\<0.05), respectively ([Fig. 2C](#F2){ref-type="fig"}). The current density ratios of SFO neurons to hippocampal CA1 neurons were 0.18 and 0.35 for AMPA and kainite, respectively.

For comparison of the inward current induced by glutamate through the activation of NMDA receptors, we recorded NMDA (10 µM)-induced currents in the ACSF without Mg^2+^, which is known to block NMDA current \[[@B22]\] as illustrated in [Fig. 3](#F3){ref-type="fig"}. The mean inward currents by NMDA from SFO and hippocampal CA1 neurons were 56.9±9.02 pA (n=4) and 154±63.2 pA (n=4), respectively ([Fig. 3B](#F3){ref-type="fig"}). As shown in [Fig. 3C](#F3){ref-type="fig"}, the normalized mean current densities were not significantly different (1.58±0.31 \[n=4\] vs. 1.47±0.48 pA/pF \[n=4\]).

DISCUSSION
==========

This study is the first to demonstrate a protection mechanism of SFO neurons from possible excitotoxicity of circulating glutamate. The density of glutamate-induced current in SFO neurons is 4 times lower than that in hippocampal neurons, and this difference is mostly due to the smaller responses mediated by non-NMDA receptor subtypes.

It is well known that glutamate-induced neurotoxicity is caused by an intracellular accumulation of Ca^2+^ via mainly AMPA and NMDA receptors \[[@B16],[@B17],[@B23]\]. Kainate can also induce neurotoxicity in various brain sites \[[@B24],[@B25]\]. AMPA and kainate receptors trigger a rapid excitatory neurotransmission by promoting the influx of Na^+^ into neurons. NMDA receptors are associated to a high conductance with calcium channel which is blocked by Mg^2+^ in non-depolarizing condition in a voltage dependent manner. Their activation is secondary to AMPA or kainate receptor activation, which depolarizes the neuron, allowing for the release of the Mg^2+^ blockade. Therefore, AMPA and kainite receptors play a major role in the initiation of the excitotoxicity process in neurons \[[@B26]\]. In this study, we also found that non-NMDA receptor responses are selectively lower in the SFO neurons than in the hippocampal neurons. Since the SFO neuronal cell bodies are located out of blood brain barrier, circulating glutamate can freely access the SFO neurons and its concentration at the SFO is likely to be sufficiently high to induce excitotoxicity reported in general central neurons, such as hippocampal neurons. However, SFO neurons in adult rat normally do not suffer from excitotoxicity and are sensitive to exogenously applied glutamate \[[@B27],[@B28],[@B29]\]. Therefore, it is likely that circulating glutamate causes much smaller inward current in SFO neurons and the threshold of the excitotoxicity of glutamate is much higher in SFO neurons than in the other central neurons.

In the experiments comparing the densities of ionotropic glutamate receptor agonist-induced currents, the current density ratios of SFO neurons to hippocampal CA1 neurons were 0.18 for AMPA and 0.35 for kainate, respectively. However, there was no significant difference in current density by NMDA between SFO neurons and hippocampal CA1 neurons. These data indicate that the lower density of glutamate-induced current in SFO neurons compared to hippocampal CA1 neurons is mostly due to a lower glutamate current induced by non-NMDA glutamate receptors. Our observation is also in agreement with the previous report of Xu et al. \[[@B13]\] showing that the non-NMDA receptor agonist, kainic acid is more potent than NMDA in depolarizing SFO neurons. Here, one can infer that the lower density of non-NMDA receptors in the SFO neurons results in less depolarization, as well as a failure or delay in releasing Mg^2+^ block, whereas the higher density of non-NMDA receptors in the hippocampal CA1 neurons causes more depolarization, and an effective removal of Mg^2+^ block of NMDA receptors. Therefore, the protection mechanism in SFO neurons is, at least in part, due to the higher threshold for the initiation of excitotoxicity by glutamate.

In SFO, there may be other protection mechanisms such as the effective removal of glutamate in the vicinity of SFO neurons by highly efficient glutamate transporters in the SFO \[[@B6],[@B30]\]. The relative significance among different protection mechanisms remains to be studied further. Since the density of glutamate subtypes was functionally assessed in this study, it would be necessary to perform a direct comparison of the densities of glutamate receptor subtypes between hippocampal CA1 and SFO neurons. In addition, the current densities of NMDA receptors recorded in ACSF without Mg^2+^ were not significantly different between the two neuron groups ([Fig. 3](#F3){ref-type="fig"}). Direct measurement of NMDA receptors expressed on two neuron groups is also needed.

Taken together, this study provides a new insight that the current density of non-NMDA glutamate receptors on SFO neurons is lower than other central neurons, such as CA1 neurons, that are selectively vulnerable to ischemic excitotoxicity, and suggest that lower current density of non-NMDA glutamate receptors could be an effective protection mechanism for the SFO neurons from excitotoxicity of circulating glutamate.
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![Comparison of glutamate-induced inward currents recorded by the slice patch clamp technique in SFO and hippocampal CA1 neurons. (A) Representative traces showing glutamate-induced inward currents on a SFO (left) and a hippocampal CA1 neuron (right), respectively. (B) Comparison of the mean inward currents by glutamate (100 µM) on SFO (n=10) and hippocampal CA1 neurons (n=6). (C) Comparison of the mean current densities by glutamate (100 µM) on SFO and hippocampal CA1 neurons. ^\*^represents p\<0.05. SFO, Subfornical organ neuron; HP, Hippocampal CA1 neuron.](kjpp-19-177-g001){#F1}

![Current responses elicited by non-NMDA receptor agonists (AMPA and kainate) in SFO and hippocampal CA1 neurons in the slice preparation. (A) Representative traces showing currents induced by AMPA (10 µM) and kainate (10 µM) in SFO (left) and hippocampal CA1 neuron (right), respectively. (B, C) Mean amplitude (B) and mean density (C) of inward currents induced by AMPA and kainate in SFO (n=13 and 11) and hippocampal neurons (n=11 and 7) at the peak ^\*^p\<0.05. SFO, Subfornical organ neuron; HP, Hippocampal CA1 neuron.](kjpp-19-177-g002){#F2}

![Current responses elicited by NMDA in SFO and hippocampal neurons. (A) Left and right traces show NMDA (10 µM) induced inward current in SFO and hippocampal CA1 neurons. Mg^2+^-free ACSF was applied for recording of NMDA induced current. (B, C) Mean inward current induced by NMDA (B) and its mean current density (C) in SFO (n=4) and hippocampalCA1 neurons (n=4). SFO, Subfornical organ neuron; HP, Hippocampal CA1 neuron.](kjpp-19-177-g003){#F3}
